Lee-side ventilation-induced air movement was experimentally investigated in a 1728 m multi-span glasshouse. Air velocity measurements were performed by means of a customized multi-point two-dimensional sonic anemometer system which simultaneously measured the horizontal air velocity components parallel and normal to the ridge at 3 Hz frequency. The air#ow pattern in the horizontal plane of a greenhouse was analysed qualitatively under di!erent external wind conditions. The experimental results show both the vertical and the horizontal pro"les of the normalized interior air speed as a function of the measurement height, the external wind speed and opening angle were acceptably presented by the simple linear functions. The air#ow in the horizontal plane was of low turbulence with large eddies.
Introduction
Large-scale multi-span greenhouses, commonly designated as Venlo-type greenhouses, are widely used in Belgium, The Netherlands and more generally in the northern region of Europe. Natural ventilation due to roof ventilators alternatively hinged on each side of the ridge is a most common climate control method in this kind of greenhouse and is thus an important physical process in both greenhouse energy management and mass (H O, CO ) balances. Therefore, the overall optimization of the indoor greenhouse microclimate requires a thorough knowledge of the quantitative (rates) and the qualitative (patterns) of natural ventilation.
The determination of the ventilation rate in greenhouses has been studied by many researchers since 1980. Most experimental researches in full-scale greenhouses were carried out by means of tracer techniques and di!erential pressure methods. These included measurements in both glasshouses (Bot, 1983; De Jong, 1990; Fernandez & Bailey, 1992) and plastic greenhouses and tunnels (Boulard & Baille, 1995; Boulard & Draoui, 1995; Kittas et al., 1995; Papadakis et al., 1996) . However, tracer techniques allow only the prediction of gross air renewal rates in greenhouses. More recently, direct measurements of air velocities through greenhouse ventilators were conducted using one-dimensional (Boulard et al., 1997a) and three-dimensional sonic anemometers (Boulard et al., 1997b; Wang & Deltour, 1997) .
Ventilation-induced air#ow patterns in greenhouses have been simulated by the use of computational #uid dynamics (CFD). Okushima et al. (1989) did not obtain good agreement between simulation results and measurements, probably due to the limited computational power. More recently, Mistriotis et al. (1997) obtained more accurate simulation results for a two-span greenhouse with a continuous roof opening. Ventilation-induced air movement in large multi-span greenhouses, however, has not been studied extensively.
In the present study, the lee-side ventilation is discussed in detail because it is frequently used and supposed to produce a more homogeneous air exchange and thus a more uniform growth of the crop compared with the windward side ventilation. The objectives of this study are: (1) to obtain vertical pro"les of the horizontal air velocity in a greenhouse and to establish the relationship between the slope of vertical pro"les and the external wind speed; (2) to explore the lee-side ventilation-induced air movement distribution at a "xed height in the greenhouse under di!erent external wind speeds and window 
Subscripts
x coordinate for easterly air #ow y coordinate for northerly air #ow openings, and to "nd a relationship between the air velocity at di!erent positions and the external wind speed and the window opening angle; (3) to further investigate the turbulence characteristics of the air movement in the horizontal plane.
Materials and methods

Site and greenhouse description
The experiments were performed in a large (1728 m) multi-span greenhouse located in Rumbeke, Belgium (latitude 50)53N), about 40 km from the sea. It was orientated east}west and bordered at the north and east sides by other greenhouses (Fig. 1) . It was composed of 12 spans with 2)85 m eaves height and 3)75 m ridge height. The ventilators were distributed on the roof, alternately on the north and south slopes of each span. For the measurement of the air#ow patterns, sonic anemometers were chosen because of their good performance at the low air velocities often found in greenhouses. However, variable air#ow conditions in space and time are usually found in greenhouses under natural ventilation. The air#ow pattern in the entire greenhouse is a!ected by the variable external wind conditions and the modi"cation of the opening angle on the leeward side. In order to have an instantaneous general picture of air movement through the whole greenhouse, a synchronized multi-point two-dimensional sonic anemometer system was developed. The system, described by Wang et al. (1999) , consisted of 12 two-dimensional sonic anemometers equipped with a microprocessor and operated at 3 Hz frequency. Measurement values were temporarily stored in the random access memory of the sonic anemometers and transferred to a central personal computer (PC) at 5 min intervals. The path length for both arms of each sonic anemometer was 60 cm. Calibration and validation results showed that the given combination of path length and low sampling frequency was accurate to about 1)3% for air velocity ranging from 0 to 1)9 m/s.
Climatic parameters and wind measurement
The climatic parameters were measured at a height of 1)5 m in the centre of the greenhouse. The air temperature and humidity were measured by a ventilated thermometer/psychrometer. The window opening angle was monitored by a potentiometer. A meteorological station measuring wind speed and direction, solar radiation, dry and wet bulb air temperatures was installed at a height of 6 m outside the greenhouse and 4 m above the building (garage) (Fig. 1) . The measurements were recorded using a programmable multimeter (Model: 8840A, Fluke) controlled by a data logger made in the department. All the variables were averaged and recorded every 5 min on a PC and they were synchronized with the sonic anemometer system. External wind speed and direction were measured by a cup anemometer and a wind vane with a start threshold of 0)4 m/s. Its direction was de"ned as 03 from north to south, increasing in a clockwise direction. During measurement periods, the temperature e!ect was minimized by selecting an overcast day. 
Mean and turbulent characteristics
The x-and y-axis of each two-dimensional sonic anemometer were mounted parallel and perpendicular to the greenhouse ridge, respectively. The directions of the instantaneous velocity components < V and < W were de-"ned as positive from west to east and from south to north, respectively. These two components of the air velocity can be seen as the averaged velocities (< M V and < M W ) plus their turbulent parts (< V and V W ):
The mean horizontal wind vector speci"ed by its magnitude < M in m/s and direction in deg was expressed mathematically as follows:
The horizontal air#ow direction was de"ned as that 03 is the direction of the north, the angle was counted positively in an easterly direction and negatively in a westerly direction. The formulation of Stull (1994) and Heber et al. (1996) was used for a non-dimensional measure of the turbulence intensity in the x direction, V :
where V is the standard deviation of the velocity in m/s in the x direction. The normalized total turbulence kinetic energy K per unit of mass is de"ned as
The air velocity measured by the fast-response sonic anemometer system over a time period gives time-series data. The normalized autocorrelation function R(t) was de"ned as
where
is the mean product of < V at two di!erent instants t and t#j t, the time increment t for the time step j. The function R(t) measures the persistence of a velocity wave within the whole time series. A random #uctuation would give a rapidly decreasing autocorrelation function while a regular oscillation would lead to a wave. Such variation might be associated with a physical phenomenon such as an eddy. An integral length scale¸G in m used by Heber et al. (1996) was also calculated:¸G
where t is the time in s when the autocorrelation R (t) equals zero for the "rst time.
Results and analyses
<ertical pro,le
The measuring system used for the vertical pro"le of horizontal air velocities is shown in Fig. 2 . It was composed of four aligned two-dimensional sonic anemometers at 0)40 m intervals from the ground. The vertical aluminium square tube used to support the anemometers was fastened to a heating pipe at its top and anchored to the soil at its bottom. The sonic anemometers were attached to the vertical tube by a 40 cm rod to minimize obstruction of the ultrasonic pulse by the support. The measurements were carried out at nine positions (Fig. 3) . During the measurements, the external wind was from northwest to southeast and only the windows at the lee-side (south) of the greenhouse were opened. The horizontal air movement appeared to be a predominant function of the height h. During 5 min measurement periods, the external wind speed varied frequently. The air velocities measured at di!erent heights were a!ected simultaneously by the #uctuations in the external wind conditions. The in#uence of these #uctuations on the vertical pro"le was signi"cantly reduced when the normalized speed <(h)/<(0)40) was plotted as a function of the measurement height.
The velocity at height 0)40 m was chosen here for normalization because its absolute value was the largest one in the vertical pro"le in most instances. In this way, the air#ow distribution in the horizontal plane could be determined at this height and the relation between the vertical pro"le and the horizontal air#ow distribution could be established.
The vertical pro"les were "tted by linear regression. As an example, the normalized horizontal air speed at positions 2 and 5 plotted as a function of the height is given in Fig. 4 . The 80 observations, obtained over a 5 min period of time, result each from the averaging over 10 readings from the sonic anemometer. The linear vertical pro"le equations with the value of the coe$cient of determination R at the nine positions are shown in Table 1 where <(h) and <(0)40) are the air speeds at height h and at 0)40 m in m/s, respectively. The external wind speed and direction averaged over 5 min periods are also presented. 
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Fig. 4. Normalized vertical proxles of the horizontal air speed at positions 2 ()) and 5 (#) from 80 observations. The straight lines were obtained by linear regression; V (h) and V (0)40) denote air velocities at heights of h and 0)40 m
Fig. 5. Slope of the normalized vertical proxle of the horizontal air speed obtained by regression, at 9 positions (#), as a function of the external wind speed (U e )
The results in Fig. 4 show that the horizontal air speed below 1)6 m in the vertical plane decreased with the height under lee-side ventilation. However, the horizontal air speed at position 2 decreased with height much slower than that at position 5. It is because the external wind speed (7)62 m/s) during the measurements at position 2 was much higher than at position 5 (0)66 m/s). For greenhouses with roof vents, the wind e!ect is greater than temperature e!ect when the external wind speed is higher than 2 m/s (Bot, 1983; Boulard & Baille, 1995; Papadakis et al., 1996) . At position 2, the air movement induced by the natural ventilation can be considered as a dominant e!ect of the wind. The slopes of the linear regression at the nine positions in Table 1 were plotted as a function of the external wind speed (Fig. 5) . It was observed that the vertical pro"les at those positions were to be considered as the result of the combined e!ect of both wind and temperature except for positions 2 and 3 where only the wind e!ect was the driving force for the interior air movements.
Horizontal distribution
The two-dimensional sonic anemometers were distributed at 12 locations in the greenhouse at a height of 0)40 m above the ground. The air velocity measurements were performed simultaneously for 5 min sampling periods which coincided with the meteorological system sampling one. Polar graphs of air#ow direction at each position are shown in Fig 6. Figure 6a shows the air#ow pattern for an external west-north westerly (3013) wind with a speed ; C of 3)87 m/s for a vent opening angle of 203. Signi"-cant transverse air#ow occurred in the horizontal plane of the greenhouse, from the north-east corner to the south-west one. The projection on the external wind direction of the general inside air#ow was clearly opposite, indicating a counter #ow. A similar situation was found for all measurements, irrespective of the external wind speed and the opening angle. The observed phenomena was in conformity with the results of Boulard et al. (1997a) , who found that wind parallel to the vents created a circulating #ow with in#ow at the downwind end of the opening and a steady out#ow of air at the upwind end in a two-span greenhouse with continuous roof openings.
When the lee-side windows were closed ( "03) (Fig. 6b) , with a strong external westerly wind parallel to the ridge (; C "8)33 m/s, wind direction 3C "2703), the internal air#ow was the reverse of the external wind. In a closed shelter, this induced air circulation is the contribution of the inside free convection due to the buoyancy forces (Boulard et al., 1996) and of the forced convection due to leakage.
The graphs in Fig. 6c show the pattern when the vent opening angle was 143 but the external wind was lower than the threshold value of the cup anemometer ( (0)4 m/s). No dominant direction of the air#ow at the central positions was found. However, the air#ows on the east and west sides were toward the vertical end walls, probably due to the convection loops induced by the temperature gradient.
A normalized mean speed function (< M 0)40 ( )/; C ) was calculated for each position. It was based on the mean value of the measurements at 5 min intervals. For each of the 12 positions, plotting < M 0)40 ( )/; C against the opening angle of the ventilation windows gave rise to points situated along a straight line. Figure 7 shows an example of the 48 measurements at a same position. The directions of the internal air#ow on the graph were illustrated S. WANG; J . DELTOUR Table 2 The linear regression equations with R 2 values of normalised mean horizontal velocity (V M 0)40 ( )/U e ) versus the opening angle in the horizontal plane, at a height of 0)40 m, at 12 locations from 48 observations; U e , external wind speed Table 2 except for position 1 where a technical failure a!ected the measurements. The interior air speed was not zero for zero opening angle due to internal circulation caused by air leakage and buoyancy forces.
Air turbulence characteristics
In Fig. 6a , the mean horizontal air speed in the greenhouse ranged from 0)15 m/s to 0)22 m/s (Table 3 ). The normalized turbulence intensity of the air#ow ranged from 0)16 to 0)47 for the x and from 0)14 to 0)38 for the y direction. The maximum turbulence intensity occurred mainly near the doors (positions 1, 7 and 10) due to the leakage combined with the border e!ects. The normalized total turbulent kinetic energy of the air movement in the greenhouse ranged from 0)06 to 2)37 and corresponded to the turbulence intensity. Frequency spectra are transformed to the turbulent length scale based on the Taylor's hypothesis of frozen turbulence where the integral length scale is the average size of the largest eddies in the #ow "eld (Heber et al., 1996) . The integral length scale in the x direction reached high values (11)6 m at position 1 and 11)9 m at position 5) due to the initial slow decrease in the autocorrelation function. The related integral length scale refers to the large eddies associated with a reduced turbulence frequency. The mean integral length scale (6 m) was much larger than the sound path (0)60 m) of our sonic anemometer. This means that the sonic anemometer is a suitable device to measure the instantaneous air velocity in a large greenhouse.
Conclusions
Experimental study of the air#ow induced in greenhouses by natural lee-side ventilation allows the air circulation to be de"ned and can help designers and managers to optimize ventilation. Usually, the measurement of the air renewal rate is carried out by means of tracer gas technique and di!erential pressure methods. However, the air pattern in large greenhouses has not yet been properly 109 LEE-SIDE VENTILATI ON-INDUCED AIR MOVEMENT presented. The multi-point sonic anemometer system combined with non-dimensional analysis has allowed the simultaneous study of the air movement at di!erent locations for a lee-side wind driven ventilation.
A measuring system of two-dimensional sonic anemometers was successfully used to investigate the vertical pro"le of the horizontal air#ow below 1)6 m. The measurement results showed that the horizontal air movement appeared to be a linear function of height.
Under given experimental conditions, it was found that the horizontal air velocities at di!erent locations were proportional to the external wind speed and the opening angle. Signi"cant transverse velocities in the horizontal plane of the greenhouse were displayed using polar graphs. At high wind speed, even when the greenhouse was completely closed, the relatively high inside air velocity found for zero opening angle explained by free convection due to buoyancy forces and forced convection due to wind forces and air leakage.
The direct air velocity measurement made it possible to clearly identify air#ow patterns. The turbulent characteristics study showed that the air#ow in the horizontal plane was of low turbulence with large eddies. It implies that our two-dimensional sonic anemometer system is a suitable device to measure the instantaneous air velocity inside the greenhouse.
